Neurofibromatosis 1 predisposes affected individuals to the development of benign and malignant tumours that are frequently disfiguring and difficult to manage. However, advances in molecular biology and the development of mouse models have facilitated our understanding of disease pathogenesis. Positron emission tomography has demonstrated that sophisticated imaging techniques have a role in diagnosing complex problems like malignant peripheral nerve sheath tumours, while the prospect of targeted therapies for Nf1 complications is tantalisingly close.
Introduction
Neurofibromatosis 1, formerly termed von Recklinghausen's disease, is an autosomal dominant neurocutaneous disorder with a birth incidence of one in 2500 and a minimum prevalence of one in 4 -5000. 1 The Nf1 gene is located on chromosome 17q11.2 and the protein product termed neurofibromin acts as a tumour suppressor. 2 -4 The principal and defining manifestations of Nf1 are cafe´au lait patches, neurofibromas (benign peripheral nerve sheath tumours), skin-fold freckling, iris Lisch nodules (hamartomas diagnosed on slit-lamp examination) and characteristic bony dysplasia of the long bones and sphenoid wing. 5 The clinical expression and severity in Nf1 is diverse, even within families. The complications affect many of the body systems and range from disfigurement, scoliosis and vasculopathy to cognitive impairment and malignancy including peripheral nerve sheath tumours, and central nervous system gliomas. Macrocephaly, short stature and cutaneous angiomas are minor features of the disease ( Figure 1 ).
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Clinical description
The NIH Consensus Development Conference proposed the current clinical diagnostic criteria and nomenclature for neurofibromatosis 1 5 (Table 1) .
Mosaic neurofibromatosis 1
More recently, mosaic forms of neurofibromatosis have been recognised. Somatic mutations arising early in embryogenesis produce generalised disease clinically indistinguishable from nonmosaic Nf1. Localised disease restricted to one part of the body results from later somatic mutations and occurs in one in 36 000 to one in 40 000 individuals. 10 & 
Diagnosis
The clinical diagnosis of Nf1 is evident by the age of 3 years in the majority of individuals. 5, 6 The presence of UBOs on brain MRI has been advocated as a diagnostic criterion in young children with one feature of Nf1, but this age group needs general anaesthesia, thereby reducing the usefulness of the investigation. Diagnostic testing is available to confirm the diagnosis in individuals who fulfil the diagnostic criteria for Nf1, but are suspected of having the condition. Current mutation testing permits the identification pathogenic mutations in over 95% of Nf1 patients, using a combination of optimised protein truncation testing, fluorescent in situ hybridisation, direct sequencing, Southern blot analysis, and cytogenetic analysis. 11 Prenatal testing is possible with foetal DNA extracted from chorionic villous sampling or from aminiocentesis. However, requests for prenatal testing are limited because of the inability to predict disease severity. Preimplantation diagnosis may be useful for a couple at risk for having a child with Nf1 and has been introduced in some centres.
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(1) Differential diagnosis.
(2) The major differential diagnoses of Nf1 are described in Table 2 13 Clinicians should be aware of individuals with segmental/mosaic Nf1 who present with six or more cafe´au lait patches and skin-fold freckling in the affected area. It is important to distinguish between mosaic and generalised Nf1, as the former is a milder condition (see section on Genetic counselling). (3) Homozygotes with mismatch repair syndromes can be misdiagnosed as having Nf1 as they have cafe´au lait patches and an affected first-degree relative. However, in mismatch repair syndromes the affected relative is a sibling and the parents have a normal phenotype.
Description of disease manifestations
The Skin Cafe´au lait patches are present in 95% of Nf1 individuals and usually appear by the age of 3 years. Freckling develops in the majority of children in intertriginous areas and hypopigmented macules also occur. 6 Xanthogranulomas are observed transiently in early childhood in 1 -2% of patients as orange papules and have a putative link with juvenile chronic myeloid leukaemia.
14 Neurofibromas and malignant peripheral nerve sheath tumours Neurofibromas manifest as cutaneous (Figure 2 ), subcutaneous or plexiform lesions ( Figure 3 ). 6 Cutaneous neurofibromas cause itching and stinging and subcutaneous lesions often produce pain and neurological deficit from pressure on peripheral nerves. 6 Neurofibromas rarely develop before age 7 years, usually emerge in late Figure 2 Multiple cutaneous neurofibromas.
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adolescence and frequently increase during pregnancy. 6, 15 The number of tumours differs between individuals and the natural history is uncertain, with periods of rapid growth, followed by phases of quiescence. About 30% of Nf1 individuals have clinically visible plexiform neurofibromas, 6 which are frequently congenital, often have a rich vascular supply and involve multiple nerve fascicles. Neurological deficit results from encroachment on surrounding structures and soft tissue and bony hypertrophy may coexist. 16 There is a 7 -12% lifetime risk of developing an Nf1-associated malignant peripheral nerve sheath tumour (MPNST), 17 which often arises within a pre-existing plexiform neurofibroma and metastases widely, often heralding a poor outcome. Individuals with subcutaneous neurofibromas are approximately three times more likely to have internal plexiform neurofibromas or MPNSTs than Nf1 sufferers with no subcutaneous lesions. 18 These individuals warrant increased surveillance for MPNST as well as patients with plexiform neurofibromas in the brachial or lumbosacral plexus, a history of radiotherapy, a personal or family history of malignancy and Nf1 patients harbouring microdeletions of the Nf1 gene. 9 Persistent pain, change in texture, rapid increase in size and neurological deficit associated with a neurofibroma are clinical features of malignancy ( Figure 4 ). 9 However, MPNSTs are difficult to diagnose, as similar symptoms are encountered in benign neurofibromas, magnetic resonance imaging (MRI) does not reliably distinguish MPNST and blind biopsy might miss the site of malignancy, because the tumours are heterogeneous. 9 
Neurological complications
Cognitive impairment is the most common complication and patients present with low IQ, specific learning problems and behavioural difficulties. 8 Abnormal executive function, impaired attention and language deficits have been observed. Most patients have an IQ in the low average range around 90 and mental retardation (IQ o70) is unusual. 8 There is no evidence that cognitive ability improves with age. 8 Unidentified bright objects (UBOs) have been identified as focal areas of high signal intensity on T2-weighted MRI. 19 UBOs do not cause overt neurological deficit, they develop in the majority of children with Nf1, but most disappear in adulthood. 8 It has been suggested that they represent delayed myelination or gliosis. 20 A link between UBOs and cognitive dysfunction has been postulated, but the association has not been established universally. ependymomas. 6, 21 Gliomas occur ubiquitously in the central nervous system, chiefly in the optic pathways, brainstem and cerebellum. 6, 21 Optic pathway gliomas (OPG) are often asymptomatic, but may cause visual impairment, squint, pupillary abnormalities, proptosis and hypothalamic dysfunction. 22 They usually occur in the first 6 years of life and older individuals rarely develop symptomatic tumours. 23 Skull and skeletal deformities may entail neurological sequelae -sphenoid wing dysplasia causes the temporal lobe to herniate into the orbit producing pulsating exophthalmos; severe, progressive scoliosis carries the risk of respiratory compromise and spinal cord compression. 6, Neurofibromas produce neurological symptoms through pressure on peripheral nerves, spinal nerve roots and the spinal cord. Neurofibromatous neuropathy is characterised by a mild distal sensory -motor neuropathy associated with diffuse neurofibromatous change in thickened peripheral nerves. 24 Neurofibromatous vasculopathy affects both arterial and venous circulations in the brain and manifestations include cerebral artery stenosis or occlusion, aneurysm and rupture. 25 Cerebral haemorrhage accounts for 50% of deaths owing to cerebrovascular disease in Nf1. 26 Multiple sclerosis and epilepsy (predominantly complex partial seizures) have been observed in association with Nf1, the latter probably arising from an underlying cortical dysgenesis.
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Cardiovascular disease Cardiovascular disease is a major cause of premature death in patients with Nf1. 26 . Essential hypertension is common and raised blood pressure owing to renal artery stenosis and phaeochromocytoma are observed. There is a higher than expected frequency of congenital heart disease in Nf1 individuals, particularly of valvular pulmonary stenosis.
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Orthopaedic problems Orthopaedic complications result from intrinsic defects of the skeletal system and from a disruption of bone structure maintenance. 29 Bone mineral density is decreased in Nf1 patients, mainly in the load bearing parts. Pseudoarthrosis, a false joint in a long bone, affects 2% of Nf1 patients. 6 Bowing of the affected long bone, most commonly the tibia, is apparent at birth or in the first few months of life, and fracture develops after trivial injury, with delayed healing. Scoliosis affects 10% of Nf1 patients and may be either idiopathic or dystrophic, the latter, progressive form developing after the age of 6 years, and rarely after the first decade.
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Genetics and molecular biology Mutations in the Nf1 gene result in abnormal cell growth and proliferation and the formation of tumours. The Nf1 gene was identified on chromosome 17q11.2 and encodes a cytoplasmic protein neurofibromin, which is ubiquitously expressed with high levels of expression in the nervous system. 2 -4 Neurofibromin is related to the guanosine triphosphatase-activating proteins and has several known functions. Neurofibromin reduces cell proliferation by promoting the inactivation of p21 RAS , which has a cardinal role in mitogenic intracellular signalling pathways. 31 It also binds with microtubules and modulates adenylyl cyclase activity, which plays a cardinal role in cognition (see below). 32 A common biochemical pathway for Nf1 and tuberous sclerosis has been identified recently. Neurofibromin regulates mTOR (mammalian target of rapamycin), a serine/threonine kinase that controls cell growth and division. 33 It has been demonstrated that mTOR is activated in Nf1-deficient primary cells and Nf1-associated tumours. This activation of mTOR is dependent on ras and P13 kinase, which inactivate the TSC2 gene product tuberin, via AKT. Rapmaycin might have a therapeutic role in Nf1 as tumour cell lines derived from patients are sensitive to this mTOR inhibitor. 33 
Pathogenesis of neurofibromas
Neurofibromas comprise a mixture of Schwann cells, fibroblasts, perineurial cells, mast cells and axons embedded in an extracellular matrix. 34 Schwann cells exhibit loss of Nf1 expression and the Schwann cell initiates neurofibroma growth. Zhu et al. 35 ablated Nf1 function in mouse Schwann cells using a conditional (cre/lox) allele and reported a novel observation in a tumour suppressor syndrome. The mice developed neurofibromas identical to those seen in humans, only when null Schwann cells were present on an Nf1 heterozygote background and not in an otherwise normal mouse. They observed increased numbers of mast cells and hypothesised that they might contribute to neurofibroma formation. 35 RAS-GTP levels are increased in some neurofbroma Schwann cells but not in fibroblasts, suggesting that other genetic and epigenetic events are required to produce neurofibromas. 36 Candidates include expression of epidermal and vascular endothelial growth factors and their receptors and matrix metalloproteinases. 37, 38 Normal cellular relationships within the perineurium are contingent upon closely regulated signalling between Schwann cells, axons, fibroblasts and perineurial cells. Impaired signalling between the components of neurofibromas might promote neurofibroma development.
MPNST
MPNST from Nf1 individuals and sporadic MPNST both exhibit loss of Nf1 expression. 39 However, malignant change demands additional genetic events that inactivate key cell cycle regulators, including p53, p16 and p27-kip1. 40, 41 Furthermore, mice with targeted mutations of the Nf1 and p53 genes develop MPNST, when these genes are inactivated. 42 
OPG and astrocytomas
The molecular pathogenesis of OPG has been difficult to unravel because these indolent tumours rarely require surgery. Inactivation of Nf1 is found in Nf1-associated pilocytic astrocytomas but not in sporadic tumours, in contrast to MPNST. The natural history of OPG formation has been studied in a mouse model with immunohistochemistry and diffusion tensor imaging. 43 A 2-month-old mice developed OPG that were demonstrated as contrast enhancing tumours on MRI. 43 Microglial cell infiltration and new vessel formation were observed in the period before tumour formation and the OPG exhibited expression of proteins associated with astroglial precursors. 43 Recent investigations have shown that loss of neurofibromin in astrocytes leads to the activation of the KRAS isoform in astrocytes and the mTOR -S6 kinase pathway, leading to increased cell proliferation and protein translation. 44 Rapacmycin can block astrocyte proliferation in vitro, thereby forming a potential therapeutic target for Nf1-related brain tumours. 44 
Cognition
The adenylyl cyclase pathway has been implicated in deficits in learning and memory in the Drosophila melanogaster as the deficits were corrected by protein kinase A activation. 32 Studies in mice that are heterozygous for the Nf1 mutation, suggest that cognitive impairment in Nf1 is linked with excessive RAS activity and increased GABA inhibition in the hippocampus. 45 Furthermore, the learning problems and the GABA inhibition are reversed by a reduction in RAS, implying that farnesyl transferase inhibitor drugs might play a therapeutic role in cognitive impairment in Nf1. 45 The cholesterol lowering drug Lovastatin inhibits p21 RAS /mitogen activated protein kinase and a recent study demonstrated that the drug reverses learning and attention deficits in a mouse model of Nf1. 46 Currently, Lovostatin is being investigated as a potential treatment for cognitive impairment in children with Nf1.
Management
Children and adults with Nf1 should be examined yearly by a clinician conversant with Nf1 and its complications. Annual assessment of the skin and blood pressure should be performed in both groups. Children require monitoring of the spine, growth, cognitive development and school progress. Our practice is to perform a visual examination with visual fields, acuity, colour vision developmental maturity allows, and then annual visual assessment is undertaken by the optician.
Neurofibromas
The mainstay of treatment for cutaneous neurofibromas is surgical removal, notwithstanding occasional hypertrophic scarring, and carbon dioxide laser may be indicated for small, superficial lesions. About 75% of neurofibromas express progesterone receptors, suggesting a potential therapeutic role form antiprogesterone therapy. 47 Plexiform neurofibromas are often difficult to remove because of impingement on soft tissue and on major nerves, the tendency of some lesions to bleed profusely and the possibility of re-growth. Radiotherapy is contraindicated because of the risk of malignant transformation. Several chemotherapy trials have been conducted to treat plexiform neurofibromas, including antihistamines, maturation agents, and antiangiogenesis drugs. 48 A randomised placebo-controlled trial is in progress to assess an oral farnesyltransferase inhibitor and the antifibrotic agent pirfenidone is being evaluated in adults with progressive plexiform and spinal neurofibromas. 48 
MPNST
Clinicians and patients need to be alert to the symptoms of malignant change in a neurofibroma and prompt referral to a specialist NF/sarcoma unit should be ensured. 9 The use of 18 fluorodeoxyglucose positron emission tomography facilitates early diagnosis of MPNST. 9 The optimum treatment is surgical excision of the tumour with tumourfree margins. 9 Radiotherapy improves local control for incompletely excised tumours and for intermediate and high-grade MPNSTs. Chemotherapy with ifosfamide and doxorubicin is palliative in metastatic disease and might play a role in reducing the size of a tumour before surgery.
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Orthopaedic problems Most patients with pseudoarthrosis require surgery and amputation is necessary in severe cases. Recent research suggests that psuedoarthrosis might be treated using autograft mesenchymal stem cells from the healthy iliac crest. 49 The dystrophic form of scoliosis is characterised by a rapidly progressive curve, requiring early spinal fusion. 6 OPG Chemotherapy with vincristine and cisplatinum is the optimum treatment for progressive symptomatic OPG, but radiotherapy is not recommended for young children because of neuropsychiatric, endocrinological, and vascular complications. 50 Screening for asymtpomatic OPG is not advocated, as it does not influence the need for treatment or outcome.
Cognitive impairment
Clinicians, teachers and parents should recognise the possibility of educational and behavioural problems in children with Nf1, so that structured remedial teaching can be offered at an early stage. 8 Children with attention deficit may respond well to dexamphetamine or methylphenidate under skilled supervision. 8 
Genetic counselling
The clinical diagnosis is clearcut in most individuals with Nf1 and where there is doubt the patients should be seen in a specialist clinic before mutation testing is undertaken. Approximately 50% of patients have Nf1 as a new mutation, while an affected parent has a 50% chance of having a child with the disease. 6 The risk of an individual with mosaic Nf1 passing on generalised disease to an offspring is small but unquantifiable, as it depends on the percentage of body that is affected. 10 Apparently normal parents of an affected child should be examined carefully for the presence of mosaic Nf1. If the parents are normal, the risk of recurrence is probably only barely above the background risk of 1/6000. There is little evidence for the high levels of gonadal mosaicism seen in other conditions such as tuberous sclerosis. As the phenotype of Nf1 is variable, it is difficult to predict the risks of complications in any one individual. A mildly affected patient might have a child with severe disease, and the converse may be true for a parent with severe disease. The chance of an individual with Nf1 having a severely affected child is 8%. Individuals with Nf1 and whole gene deletions have been described and they have distinct phenotype with dysmorphism, significant cognitive impairment and large numbers of cutaneous neurofibromas. 51 There is marked clinical heterogeneity between individuals with Nf1, even within families. Recent research suggests that individuals with Nf1 microdeletions might be at higher risk of developing MPNST. 52 This finding has not been universally established and a larger cohort needs to be assessed to verify the premise (Upadhyaya M et al, personal communication). It has been hypothesised that the variation in clinical expression in Nf1 is due to the nature, timing or location of 'second hit mutations' at the Nf1 locus, to somatic mosaicism or to the presence of modifying genes. 53 The presence of modifying genes is supported by frequent observations that identical Nf1 mutations give rise to different clinical phenotypes.
Conclusions
Nf1 is a complex neurocutaneous disease requiring supervision and management by an expert multidisciplinary team. Elucidation of the pathogenesis of Nf1 and advances in treatment will be enhanced by close collaboration between clinicians and scientists and the ready availability of meticulously documented clinical data, blood and tumour tissue for research. The current advances in molecular biology provide the hope of targeted therapy for this distressing disease. However, reliable clinical and radiographic outcome measures must be developed to assess the potential benefits of any future drug trials in patients.
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